Current MRI methods for myocardial motion and strain quantification have limited resolution because of Fourier space spectral peak interference. Methods have been proposed to remove this interference in order to improve resolution; however, these methods are clinically impractical due to the prolonged imaging times. In this paper, we propose total removal of unwanted harmonic peaks (TruHARP); a myocardial motion and strain quantification methodology that uses a novel single breath-hold MR image acquisition protocol. In post-processing, TruHARP separates the spectral peaks in the acquired images, enabling high-resolution motion and strain quantification. The impact of high resolution on calculated circumferential and radial strains is studied using realistic Monte Carlo simulations, and the improvement in strain maps is demonstrated in six human subjects.
either referring to spectral peaks or echoes that are present in the Fourier transform or signal data yielding the acquired image sequences. In particular, harmonic peaks (stimulated echoes) and conjugate peaks (conjugate echoes) contain information about motion, while the DC peak (T 1 echo) does not contain any information related to motion. When acquiring data for HARP or DENSE, interference from other spectral peaks or echoes can be reduced by changing pulse sequence parameters to spread the peaks or echoes apart (20) or by bandpass filtering during post-processing (11, 14) . The former approach reduces the SNR of the acquired data and the latter approach reduces the functional resolution of the resulting motion and strain images, where functional resolution refers to the spatial resolution of the filtered images that are used to generate the motion and strain images. Spectral peak interference can also be reduced through use of inversion recovery (21, 22) or a throughplane dephasing gradient (23) . The use of inversion recovery is not compatible with the acquisition of cine sequences and through-plane dephasing can cause signal loss due to through-plane strain (16) . For these reasons, neither of these techniques is considered in this paper.
Complete removal of the DC peak can be accomplished by using two complementary acquisitions-e.g., complementary spatial modulation of magnetization (CSPAMM) (24) (25) (26) (27) . CSPAMM requires four acquisitions for two-dimensional strain estimation, two (e.g., the original and complementary acquisitions) for each orientation (e.g., vertical and horizontal). Conventional HARP and DENSE processing (cf., (11, 14) ) uses a single bandpass filter to extract a single peak in each orientation, while peak-combination HARP (28) extracts both peaks to reduce phase errors. In both cases, the peaks are separated using bandpass filters, which does not perfectly isolate their spectra (even though the DC peak is absent). In fact, the harmonic peaks or echoes still interfere with each other, which requires one to choose between either a medium-resolution strain map containing artifacts or a lowresolution strain map with fewer artifacts.
Epstein and Gilson (19) introduced the CANSEL method to completely isolate spectral peaks in DENSE MRI, and we note that it is also applicable to tagging methods and HARP processing (29) . CANSEL can be thought of as an extension of CSPAMM in that it acquires both cosine and -cosine modulations as in CSPAMM, as well as sine and -sine modulations. With these four acquisitions, a spectral peak can be completely isolated. Another four acquisitions are required for the second orientation (to yield both horizontal and vertical displacements) and a phase reference acquisition is also required (for DENSE processing). In total, nine acquisitions of image sequences are required to implement the CANSEL method, which is very costly in terms of imaging time. Generally, in order to maintain high resolution, this process cannot be accomplished in a single breath-hold. This paper presents a single breath-hold MRI tagging methodology for the total removal of unwanted harmonic peaks (TruHARP). Although TruHARP is in the spirit of CANSEL, the key advantage of TruHARP over CANSEL arises from the recognition that data acquired from both horizontal and vertical directions can be processed together, rather than separately, as in CANSEL. As a result, TruHARP requires only five acquisitions of image sequences and is implemented in a single breath-hold protocol requiring just 16 heartbeats. All spectral peaks are isolated using a simple algebraic combination of the acquired data, and HARP processing can be readily carried out on the isolated peaks. In the absence of spectral interference, the resolutions of the motion and strain profiles are limited by noise and acquired image resolution, rather than the spacing between spectral peaks. In the following sections, we describe the TruHARP pulse sequence and its post-processing procedures, present simulations demonstrating improved resolution, and explore the tradeoffs between resolution and noise. Improvements in strain quantification are then demonstrated in six normal subjects.
THEORY TruHARP Peak Extraction
The image intensity of a horizontally-tagged image sequence acquired using the 1-1 SPAMM pulse sequence shown in Fig. 1 is given by (1) where ρ(x) is the effective spin density and ω is the sinusoidal tagging modulation frequency. By the CSPAMM convention (24) , ω = 2π/(tag period) and the tag period is twice the tag spacing defined as the distance between zero crossings of the tag pattern in the modulus magnitude image. P(x, t) is the reference map (position of three-dimensional spatial point x at the reference time), φ(x, t) is the displacement-encoding phase resulting from tagging, φ e (x, t) is the phase resulting from inhomogeneity and other magnetic field non-idealities, and t is the time from tag application to image acquisition. A dc (x, t) and A hp (x, t) depend on the imaging parameters and represent the effect of T 1 on, respectively, the spectral peak in the center of k-space and the harmonic peaks. Typically, A dc (x, t) increases with time due to T 1 while A hp (x, t) decreases with time due to tag fading (24) . A ramped flip-angle excitation (30) strategy is typically used to keep A hp (x, t) constant over the cardiac cycle. Using an analogous explanation, it follows that the image intensity of a vertically-tagged 1-1 SPAMM image sequence is given by (2) I Ah and I Av in Eqs. 1 and 2 can be represented as the following combinations of five separate images I dc , , , , and :
where, (5) (6) (7)
Equations 3 and 4 constitute a linear system of two equations with five unknown variables. Since this system of equations is underdetermined, in conventional HARP analysis the displacement-encoded images corresponding to harmonic peaks I + h and I + v cannot be extracted directly, and an explicit k-space band-pass filtering (11) is necessary to separate the spectral peaks. To eliminate this requirement, TruHARP also acquires the following image sequences (8) (9) (10) From these five image sequences, the x and y displacement-encoded images corresponding to harmonic peaks ( and ), as well as their conjugate peaks (I − h and I − v ), are extracted as follows without band-pass filtering, which was previously necessary for isolating spectral peaks. (11) (12) (13) Scaled displacement-encoded harmonic phase (HARP) images φ x and φ y obtained from the phase component of the complex results as follows: (14) ( 15) where the symbol * is the complex conjugate operator and the symbol ∠ is an operator for the phase of complex number. Since the phase operator only finds angles in the range [ −π, π], the resulting angles are wrapped versions of the true harmonic phases as follows: (16) (17) where W is the wrapping operator defined in Osman et al. (11) . As in conventional HARP and DENSE analyses, the wrapping of these phases poses no significant challenge in postprocessing since the phases can be globally or locally unwrapped as needed.
Single Breath-Hold TruHARP Pulse Sequence
The modified 1-1 SPAMM tagging sequence with ramp flip-angle acquisition, as shown in Fig. 1 , is repeated five times with different tagging parameters to obtain the tagged image sequences described in Eqs. 1, 2, and 8-10. Table 1 shows the values of flip-angle θ and initial phase ϕ of the first and second tagging radiofrequency (RF) pulses ( and ) and the tagging gradients (G h and G v ) used to generate these five image sequences. A ramped flip-angle strategy (30) is used during data acquisition in order to have constant tagging contrast A hp over the cardiac cycle. A segmented spiral k-space data acquisition (30) with three spiral interleaves is used to acquire each of the five image sequences. Five datasets are acquired in the order given in Table 1 with one dummy heartbeat in the beginning of a 15-heartbeat scan, therefore acquiring a complete dataset in a single 16-heartbeat breath-hold.
TruHARP Motion and Strain Resolution
Even though there is no interference present after separation of the displacement-encoded spectral peaks using TruHARP, a k-space filter is still required to correct for asymmetric data acquisition around the displacement-encoded spectral peaks and to reduce the impact of noise that becomes dominant at higher spatial frequencies. This filter is applied to the four TruHARP-separated displacement-encoded spectral peaks before peak combination. The kspace data are acquired over a disk centered at the origin of k-space, and the separated spectral peaks are centered at ±ω mm −1 . Therefore, the acquired k-space data are asymmetric around the spectral peak with missing data at the complex conjugate k-space location, producing artifacts in motion and strain estimation. The distance between the nearest edge of acquired k-space and the spectral peak is r s = 1/2Δ-ω mm −1 , where Δ is the in-plane resolution of the tagged image slice. To reduce the artifacts arising due to the asymmetrically sampled spectral peak and noise, a Kaiser-Bessel filter (31) centered at the spectral peak with full width at half maximum (FWHM) of at most 2r s in Fourier space is applied, thereby restricting the resolution of the filtered image associated with any of the separated spectral peaks to 1/2r S = Δ/(1 -2ωΔ) mm. While a smaller will decrease the error due to noise and increase the error due to low resolution, a larger FWHM will increase the error due to both noise and asymmetric sampling and decrease the error due to resolution. Therefore, the choice of optimal filter size depends on both the amount of noise and the pattern of k-space sampling. Finally, HARP processing (11) is applied on image sequences corresponding to the separated spectral peaks to estimate the Eulerian strain profile and to track points over the imaged slice.
Noise Characteristics
The effect of noise can be studied by considering the case when each 1-1 SPAMM-tagged image in the datasets for TruHARP, 1-1 SPAMM, and CSPAMM is acquired with the same acquisition time and is corrupted by additive white Gaussian noise with variance σ 2 . Therefore, the total acquisition time for TruHARP and CSPAMM datasets will be 2.5 and 2 times the time for 1-1 SPAMM dataset acquisition, respectively. Using Eqs. 11-13, the variance of the noise in TruHARP-separated images of horizontal and vertical displacementencoded spectral peaks is given by 0.5σ 2 and 0.75σ 2 , respectively. Following similar derivations, the unseparated harmonic peak images from SPAMM and CSPAMM has noise variances of σ 2 and 0.5σ 2 , respectively. Although 1-1 SPAMM has the highest SNR and CNR efficiency (SNR and CNR per unit scan time) and CSPAMM has highest CNR and SNR, the spectral peaks separated using 1-1 SPAMM or CSPAMM are corrupted by interference from the conjugate spectral peaks, an additional source of error not considered by the above noise computations.
Since harmonic peaks and their conjugate peaks are completely isolated and extracted for every displacement direction in TruHARP, peak-combination HARP (28) is employed (Eqs. 14 and 15) to eliminate off-resonance and magnetic field inhomogeneity artifacts. In addition to this, averaging of the harmonic phase of conjugate peaks during peak combination further reduces the influence of independent noise.
MATERIALS AND METHODS

Simulation
Monte Carlo simulations were performed to study the effects of spectral peak interference, noise, and resolution (filter FWHM) on the accuracy of strain quantification from image sequences acquired by CSPAMM and TruHARP, using HARP analysis. In CSPAMM, the spectral peaks are affected by both noise and interference, while in TruHARP the spectral peaks are only affected by noise. Complex-valued CSPAMM and TruHARP image sequences were simulated for a contracting annular region in a stationary background, mimicking the incompressible contraction of the left ventricle during systole. The annular region with inner radius R i and outer radius R o was contracted radially such that a layer with an original radius R shrank to a smaller radius R ε according to the formula, (18) where ε is the maximum radial thickening occurring at endocardium (R i ). In this simulation, R i = 18 mm, R o = 28 mm, and ε = 0.3 were chosen to produce maximum radial thickening of 30% and maximum circumferential shortening of 40% at the endocardium. The simulated images were of size 256 × 256 pixels, field of view (FOV) of 280 mm, and tag spacing of 7 mm, generating spectral peaks that are spread out from the center of the k-space by ±20 pixels (0.0714 mm −1 ) in k-space. Tags were generated in the initial time instant, simulating conventional tag application at end-diastole.
HARP analysis was applied to the CSPAMM and TruHARP datasets by varying the amount of additive white Gaussian noise to achieve CNR 5 and 15 for 1-1 SPAMM-tagged images during data acquisition, and varying the FWHM of the filter in k-space. The relationship between the filter FWHM and the Fourier resolution of the filtered image Δ f is given by (19) The filter FWHM was varied from 16 pixels to 80 pixels, which corresponds to Fourier resolutions from 17.5 mm to 3.5 mm. Peak-combination HARP (28) was also employed for the CSPAMM datasets.
Another simulation was performed to study the impact of increased Fourier resolution on strain estimation across an infarcted tissue. Similar to the previous Monte Carlo simulation, a tagged contracting annular region was simulated with different contractions in left and right half of the annulus. This contraction pattern generates two interfaces located at top and bottom of the annular region, mimicking the interface between the normal and infarcted tissue. A TruHARP-tagged dataset was obtained by contraction of the left and right half of the annulus to produce maximum radial thickening of 30% and 18% and maximum circumferential shortening of 40% and 22%, respectively, at the endocardium. HARP analysis was performed using filter FWHMs of 32, 48, and 64 pixels, which corresponds to Fourier resolutions of 8.75, 5.83, and 4.37 mm, respectively.
In Vivo Single Breath-Hold Experiments
Six healthy human subjects of ages 24 ± 4 years with no history of heart disease were scanned. The experiments were approved by the Institutional Review Board of Johns Hopkins Medical Institutions. Informed consents for scanning and participation were obtained from all subjects. The study was Health Insurance Portability and Accountability Act compliant. The pulse sequence was implemented on a clinical Philips 3.0-T Achieva MRI scanner (Philips Medical Systems, Best, The Netherlands) equipped with a six-channel cardiac phased-array surface coil. Channels were distributed equally between the anterior and posterior sides of the chest in each subject. Four ECG leads were placed on the subjects' chests for triggering the pulse sequence at the R-wave of the ECG. The subjects were positioned head first and supine.
The scans were performed using a VECG-triggered, segmented k-space, spiral acquisition with spectral-spatial excitation and a ramped flip-angle (30, 32) . Twenty short-axis systolic cine frames at midcavity, with a temporal resolution of 30 ms, were acquired from enddiastole to end-systole (from 11 ms to 611 ms after the R-wave of the ECG). The TruHARP dataset was acquired using three spiral readouts per image, each with a 14-ms acquisition window. Acquired images had FOV = 280 mm, spatial resolution = 2.5 × 2.5 mm 2 , slice thickness = 8 mm, TR = 30 ms, and tag spacing = 7 mm. Each scan was completed in a single breath-hold comprising 16 heartbeats.
CSPAMM datasets were acquired separately, using nine spiral readouts per image, each with a 10-ms acquisition window. Acquired images had FOV = 300 mm, resolution = 2 × 2 mm 2 , slice thickness = 8 mm, TR = 30 ms, and tag spacing = 7 mm. The four datasets for CSPAMM = processing were acquired in two breath-holds of 19 heartbeats each, including one dummy heartbeat in the beginning of each breath-hold.
Statistical Analysis
The myocardium was divided into six sectors (anterior (A), anteroseptal (AS), inferoseptal (IS), inferior (I), inferolateral (IL) and anterolateral (AL)), and three layers (endocardium, midwall, and epicardium), producing 18 segments in total. A Student's t test with unequal variances was performed to compare the estimated radial and circumferential strains in each of these segments for filter FWHM = 32 pixels and filter FWHM = 64 pixels, which are equivalent to Fourier resolutions of 8.75 mm and 4.37 mm, respectively. Two-sided Student's t test was chosen to test the hypothesis if the uses of larger filter FWHM lead to a significant increase or decrease in strain values. The Welch-Satterthwaite equation (33) was used to compensate for the spatial smoothing due to filtering by regulating the degrees of freedom in the t test. The end-systolic radial and circumferential strains (peak strains) were compared for six subjects over the myocardium.
RESULTS
Simulation
True and estimated Eulerian circumferential and radial strains over the annular region mimicking myocardium for one of the 50 Monte Carlo simulations are shown in Fig. 2 . The figure also shows scatterplots between the calculated strain values at the myocardium and their radial distance r from the center of myocardium. True strain values (shown as dark points) are uniform along the circumference of the myocardium and increase (in absolute value) transmurally from epi-to endocardium (solid arrows). The strain results are shown for a filter FWHM of 32 pixels, which is equivalent to a Fourier resolution of 8.75 mm (a typical HARP filter FWHM when the spectral peaks are located at ±20 pixels in k-space) and also for FWHM = 48 pixels and FWHM = 64 pixels, which are equivalent to Fourier resolutions of 5.83 mm and 4.37 mm, respectively.
For a typical HARP filter size of FWHM = 32 pixels, both TruHARP and CSPAMM had similar strain profile distributions (Fig. 2) . However, when the filter size was increased to FWHM = 48 pixels and 64 pixels, both circumferential and radial strain maps calculated using CSPAMM were adversely affected, as demonstrated by the large variations in strain values at certain radii along the circumference of the myocardium. In TruHARP, there was no significant change in the circumferential strain with the increase in filter size, which could be due to the presence of a constant strain profile in the circumferential direction. Radial strain is underestimated for filter FWHM = 32 pixels but increases in value with an increase in filter size, approaching its true value first at the midwall (marked by hollow arrows) for the filter FWHM = 48 pixels and then at the epicardium (marked by hollow = arrows) for the filter FWHM = 64 pixels. Radial strain remains underestimated at the endocardium for filter FWHM = 64 pixels due to the presence of a maximum amount of strain within the myocardium at endocardium and low and noisy strains outside the myocardium. As expected, the effect of noise was more pronounced at larger filter sizes, which is apparent from the increase in variation of the estimated radial and circumferential strains at certain radii along the circumference of myocardium.
The root mean square (RMS) error between the true and the estimated radial and circumferential strains over the myocardium was computed in multiple Monte Carlo simulations. Fifty Monte Carlo simulations were performed, beyond which there was no significant difference in the statistics (average and standard deviation) of the RMS error. The average RMS errors over the Monte Carlo simulations are shown in Fig. 3 for CSPAMM and TruHARP as a function of FWHM of the filter at CNR = 5 and 15. As the filter size increases, the RMS error first decreases (dotted arrows) then, beyond a certain filter size, the error increases at a higher rate for CSPAMM than for TruHARP (solid arrows). The FWHM corresponding to the minimum RMS error in circumferential and radial strains with TruHARP (~50 pixels is higher than that with CSPAMM (~32 pixels). Furthermore, for TruHARP the increase in error is smaller, and the range of filter FWHM is wider for which the error in strain is minimal, indicating a greater robustness to noise and interference than CSPAMM.
Results from the simulated infarction are shown in Fig. 4 . True and estimated radial and circumferential strain profiles along the epicardium, midwall, and endocardium at the top interface of the annulus region are plotted for filter FWHM = 32, 48, and 64 pixels. In agreement with the Monte Carlo simulation, the calculated circumferential strain at filter FWHM = 32 pixels is only well estimated at locations away from the interface. Although the exact relationship between the filter FWHM and strain resolution is not straightforward due to the tensor nature of the strain and is rarely studied (34), the width of the transition between the two different circumferential strain levels decreases with the increase in filter size, indicating improvement in resolution. Radial strain is underestimated for small filter sizes and approaches its true value as the filter size is increased. Radial strain reaches its true value at the midwall, while it is still underestimated at endo-and epicardium for a filter FWHM = 64 pixels. Although underestimated, the width of transition of the radial strain from one strain level to another decreases with increase in filter size, which indicates an improvement in strain resolution.
In Vivo Single Breath-Hold Experiments
All six subjects were successfully scanned. CNR of 12 ± 2 was observed for TruHARP datasets when averaged over the myocardium at end-systolic time frame. Figure 5a and b shows the magnitudes and Fourier transforms, respectively, at an end-systolic time frame, of the five datasets acquired using TruHARP for one of the six human subjects. The Fourier transforms of these datasets have one DC and two spectral peaks due to the modified 1-1 SPAMM-generated sinusoidal tagging. The four harmonic peaks and DC peak were separated from these datasets using the TruHARP formulation. The magnitudes, phases, and Fourier transforms of the separated and filtered harmonic peaks and DC peak over the portion of image marked by white bounding box in Fig. 5a are shown in Fig. 5c, d , and e, respectively. A filter of FWHM of 64 pixels is used, which is less than the maximum filter size of 2r s = 72 pixels that can be used with the acquired images while avoiding artifacts due to asymmetric sampling of spectral peaks. Figure 6a shows the circumferential and radial strains calculated using TruHARP for two subjects at end-systole using Kaiser-Bessel filter with FWHM = 64 pixels. The myocardium is divided into six sectors and each sector is divided into nine layers from endocardium to epicardium (as marked in Fig. 6a) . Figure 6b and c shows the calculated circumferential and radial strains at end-systole averaged over the anteroseptal sector of myocardium with the filter FWHM = 32, 48, and 64 pixels, when calculated using TruHARP and CSPAMM, respectively. For TruHARP, the circumferential strain does not change with the increase in filter size, while radial strain first increases at all the layers and then converges at midwall and endocardium. With further increase in filter size, radial strain increases at the epicardium. For CSPAMM, the calculated circumferential and radial strains are similar to those of TruHARP at filter FWHM = 32 pixels; however, when the filter FWHM increases, the calculated strain gets distorted and yields physiologically impossible strain values due to the artifacts arising from interference from the conjugate spectral peak.
The P values from the two-sided Student t test for rejecting the null hypothesis that the strains calculated using TruHARP for filter FWHM = 32 pixels are similar to filter FWHM = 64 pixels are shown in Table 2 . Since myocardium is subdivided into 18 segments and although these segments are not completely independent due to spatial smoothing, most aggressive Bonferroni correction was done and a P value of 0.00278 = 0.05/18) was used when establishing statistical significance with P value of 0.05. It is observed that 14 out of 18 segments have shown statistical significant difference, while only one sector (at the endocardium) has shown statistical significance for circumferential strain.
DISCUSSION
TruHARP combines data from both horizontal and vertical motion-encoding directions for high-resolution artifact-suppressed myocardial motion and strain calculation using datasets comprising only five image sequences as compared to nine in CANSEL (19) . Both TruHARP and CANSEL separate the spectral peaks by linear combination of the acquired image sequences; therefore, any imperfection in the data acquisition will lead to unwanted residual spectral peaks in the isolated peaks. The artifacts due to residual conjugate spectral peak will be similar to those observed in CSPAMM at larger filter sizes. To reduce the likelihood of such imperfections that readily arise due to misregistration in multiple breathhold acquisitions (standard in CANSEL), a single 16-heartbeat breath-hold, TruHARP imaging protocol was implemented and tested using a clinical MR scanner.
The proposed TruHARP MR imaging protocol was shown to generate strain images free from artifacts arising due to the spectral peak interference at a 4.37 mm functional resolution in a single breath-hold MR scan. Standard DENSE-based techniques readily produce results at high functional resolution using stronger motion-encoding gradient or, equivalently, smaller tag spacing. However, this practice leads to a reduction in SNR (19) . Through-plane dephasing (23) can also reduce the impact of unwanted harmonic peaks; however, the choice of through-plane dephasing gradient is critical as large gradient values may lead to signal nulling due to tissue strain in the slice-selection direction (16) . As well, the benefits from peak combination (28) such as removal of the phase due to magnetic field inhomogeneity are not available as only one harmonic peak is imaged. Although both TruHARP and CANSEL can isolate spectral peaks from which displacement can be computed, TruHARP acquisition can be carried out more quickly (almost half the time) and the resulting datasets are less prone to misregistration errors.
The tag spacing of 7 mm, which is commonly used in MR tagging literature (35) , is used in simulation and in vivo scans. Larger tag spacing will lead to a decrease in sensitivity of harmonic phase to motion (19, 20) . Although smaller tag spacing leads to an improvement in the results from CSPAMM due to greater peak separation, it also leads to an increase in intravoxel dephasing due to through-plane rotation (36) and a corresponding decrease in SNR. More important, since TruHARP directly separates the spectral peaks, the use of a smaller tag spacing does not reduce spectral peak interference for TruHARP; however, it does lead to an overall greater k-space occupation due to both motion modulation at high systolic strains and spectral peak separation. Longer spiral acquisitions are required to cover a greater amount of k-space within a single breath-hold, which leads to lower SNR and increased distortions due to off resonance and magnetic field inhomogeneity. On the other hand, use of multiple breath-holds leads to misregistration across multiple breath-holds, which significantly interfere with the ability of TruHARP to successfully cancel the peaks. A tag spacing of 7 mm was found to be the smallest tag spacing that could be reliably imaged in one breath-hold within the desired acquisition specifications.
The TruHARP MR imaging protocol acquires five datasets with only one dummy heartbeat in the beginning of first dataset. Given the RR-interval (~1000 ms) and T 1 of the heart wall (~1100 ms) at 3 T, one might expect to observe artifacts arising from the residual tagged magnetization present in the previous heartbeat. However, we did not observe noticeable artifacts. This may be due to an additional decrease of the tagged longitudinal magnetization by the RF excitations with ramped flip-angle used for imaging.
Monte Carlo simulations were performed to study the effect of removal of interference from conjugate spectral peaks and noise in strain calculation at higher spatial resolution. A conventional tradeoff in error between noise and the partial-volume effect was observed with the increase in spatial resolution/filter size. At small filter size, the error is primarily due to the low-resolution/partial-volume effect, which decreases with the increase in filter size. However, beyond a certain filter size, the error increases due to noise (for both CSPAMM and TruHARP) and interference (for CSPAMM). The rate of increase in error due to interference is much higher than that due to noise, leading to larger filter size corresponding to minimum strain error for TruHARP than for CSPAMM. Furthermore, even larger filter sizes can be used with TruHARP, with minimal increase in error, which indicates the feasibility of higher resolution and robustness to error with the removal of interference. SNR analysis showed that the noise variance in TruHARP is comparable to that of SPAMM and CSPAMM.
Monte Carlo simulations revealed that radial strain is underestimated at a conventional HARP/DENSE filter size and increases to its true value as the spatial resolution of the filtered spectral peak increases. On the other hand, for the contraction of a healthy heart the calculated circumferential strain is accurate even for a small filter FWHM and does not improve further with the increase in filter FWHM. However, during infarction, delineation between normal and infarcted tissue using both radial and circumferential strains improves with the increase in spatial resolution. This suggests that the higher resolution provided by TruHARP in a single breath-hold data acquisition may have significant clinical relevance over conventional methods such as HARP and DENSE.
The findings from the simulations were consistent with the in vivo study involving six healthy adult human subjects. A significant increase in radial strain was observed in 14 out of 18 (six sectors in three myocardial layers) segments while only one out of 18 segments showed a significant decrease in the value of circumferential strain. Furthermore, similar artifacts due to the noise and the numerical limitations of strain tensor computation were present in strain maps generated for in vivo images. Although this experiment does not constitute independent confirmation of improvement against a gold standard measurement, it is consistent with the effects of poor resolution that were demonstrated in our Monte Carlo experiment.
The proposed TruHARP framework can be applied to DENSE when it is used with only inplane displacement encodings (i.e., no through-plane dephasing gradient). This is because TruHARP framework combines the data acquired for both horizontal and vertical displacements to decrease the number of image sequence acquisition from nine in CANSEL to five. The mathematical conditions for this reduction will not hold when DENSE is used with any through-plane encoding or through-plane dephasing (23). It is not yet known how methods that encode through-plane displacements such as DENSE and SENC could take advantage of the TruHARP framework.
TruHARP can be extended to the zHARP framework (37) with an additional image sequence acquisition (i.e., six instead of five). The TruHARP framework acquires cosine, -cosine, and sine-tagged image sequences for horizontal displacement direction and cosine and sine-tagged image sequences for the vertical displacement direction. The T 1 (DC) spectral peak estimated from the horizontal displacement direction is used to remove the T 1 peak from the dataset of vertical displacement direction. In zHARP, this cannot be done as the T 1 peak will have different z-encodings between the DC peaks of two displacement directions. However, if an additional image sequence, -cosine-tagged, is acquired in vertical direction, then the peaks can be isolated. This extension will yield three-dimensional displacement and three-dimensional surface strain over a single slice in a breath-hold of 16 heartbeats and can be extended to three-dimensional strain measurements using two or more acquired slices (38) .
CONCLUSION
TruHARP, a single breath-hold MR tagging protocol and post-processing framework in which spectral peaks in tagged MR images are isolated and high-resolution motion and strain are computed, has been described. Similar to CANSEL, TruHARP permits motion and strain resolution that is limited by the resolution and SNR of the acquired images instead of being limited by the proximity of conjugate peaks or echoes. Moreover, with TruHARP, a two-dimensional strain resolution of 4.37 mm was demonstrated in vivo in a clinically feasible single 16-heartbeat long breath-hold acquisition, therefore avoiding any artifacts due to misregistration between multiple breath-holds. Simulations have shown that the removal of interference from other spectral peaks leads to higher resolution and more accurate strain maps. Simulations also showed that while the strain values are underestimated when computed using low-resolution harmonic peaks, they approach their true values when higher-resolution harmonic peaks are used for calculations. These findings were experimentally demonstrated, and statistical significance was established in six in vivo human studies.
FIG. 1.
Tagging building unit for TruHARP. The values of , , G x , and G y are shown in Table   1 .
FIG. 2.
Eulerian circumferential and radial strains for CSPAMM and TruHARP with filter FWHMs given by 32, 48, and 64 pixels. Inset pictures show the estimated strain. The plot shows the scatter diagram of estimated strain and true strain (marked by hollow arrows) over the circumference of myocardium at a given radius within myocardium. Radial strain is underestimated and approaches its true value (dark arrow) at larger filter FWHM.
FIG. 3.
Average RMS error over the Monte Carlo simulation in estimated radial and circumferential strain estimated using TruHARP (gray curves) and CSPAMM (black curves) by varying the FWHM of the filter. The RMS error is shown for acquisition CNR of 5 (dashed curves) and 15 (solid curves) and tag spacing of 7 mm. Dotted arrows mark similar error for both CSPAMM and TruHARP at smaller filter sizes. Solid arrows mark increase in error due to spectral peak interference for CSPAMM compared to TruHARP at larger filter size. The filter FWHM is related to spatial resolution as given in Eq. 19.
FIG. 5.
TruHARP-tagged dataset (a) and their Fourier transforms (b). c: Magnitude, (d) phase, and (e) spectrum of the DC and the four x and y displacement-encoded filtered (FWHM = 64 pixels) spectral peaks separated using the TruHARP formulation described in Eqs. 5-7 over the portion of image containing heart, marked by white bounding box in (a). Fourier spectra in (b) and (e) are accentuated by clipping the data at one fourth of the maximum value. Table 1 Tagging Parameters for the TruHARP Pulse Shown in Fig. 1 
